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HIGHLIGHTS 


i  Hydrogenation  properties  of  pseu¬ 
dobinary  Ti(Ni,Cu)  compounds  are 
deeply  investigated. 

i  Cu-substitution  destabilizes  the  hy¬ 
dride  phase  and  opens  a  wide 
miscibility  gap. 

i  TiNio.sCuo.2  exhibits  a  high  discharge 
capacity  of  300  mAh  g  'with  good 
cycle  life. 

'  Electrochemical  discharge  capacities 
are  two-fold  higher  than  for  binary 
TiNi. 

i  Ti(Ni,Cu)  compounds  are  promising 
rare-earth  free  anodes  for  Ni— MH 
batteries. 
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The  effect  of  Ni  by  Cu  substitution  on  the  structural,  solid— gas  and  electrochemical  hydrogenation 
properties  of  TiNi  has  been  investigated.  Pseudo-binary  TiNir  xCux  (x  <  0.5)  compounds  have  been 
synthesized  by  induction  melting.  They  crystallize  in  B2  structure  above  350  K  and  either  in  B19'  (x  <  0.1 ) 
or  B19  (0.2  <  x  <  0.5)  at  room  temperature  (RT).  For  all  compounds,  Pressure-Composition  Isotherms  at 
423  K  exhibit  a  single  slopping  plateau  pressure  within  the  range  10  3-l  MPa  of  hydrogen  pressure 
revealing  a  metal  to  hydride  transformation.  Both  the  hydrogenation  capacity  and  the  hydride  stability 
decrease  with  Cu-content.  The  hydrided  pseudobinary  compounds  crystallize  in  the  tetragonal  S.G.  14/ 
mmm  structure  as  for  TiNi  hydride.  The  electrochemical  discharge  capacity  increases  with  Cu  content 
from  150  mAh  g1  for  TiNi  up  to  300  mAh  g  1  for  TiNi0.8Cu0.2  and  then  decreases  again  for  larger  Cu 
amounts.  Electrochemical  isotherms  and  in-situ  neutron  diffraction  measurements  at  RT  demonstrate 
that  such  a  capacity  increase  results  from  a  metal  to  hydride  phase  transformation  in  which  the  hydride 
phase  is  destabilized  by  Cu  substitution.  The  TiNio.gCuo.2  compound  exhibits  interesting  cycling  stability 
for  30  cycles  and  good  high-rate  capability  at  D/2  rate.  This  compound  has  promising  electrochemical 
properties  as  compared  to  commercial  LaNis-type  alloys  with  the  advantage  of  being  rare-earth  metal 
free. 
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1.  Introduction 

In  the  later  decades,  metal  hydrides  have  deserved  extensive 
research  since  they  can  store  higher  amount  of  hydrogen  per  unit 
volume  under  moderate  conditions  of  pressure  and  temperature 
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than  high  pressure  tanks  and  liquid  hydrogen  [1,2],  Beside 
hydrogen  storage  applications,  their  use  as  active  materials  for  the 
negative  electrode  of  Ni-MH  batteries  is  pursued  [3-5],  Ni-MH 
batteries  are  a  good  alternative  to  Ni-Cd  ones  since  the  use  of  toxic 
cadmium  is  avoided  and  higher  energy  density  (30—50%)  is 
reached.  Several  metal-hydride  forming  compounds  can  be  used  in 
Ni— MH  batteries  such  as  LaNis  (AB5),  Las-xMgxNijg  (A5B19), 
La2-xMgxNi7  (A2B7),  La,_xMgxNi3  (AB3),  ZrNi2  (AB2)  and  TiNi  (AB), 
where  A  and  B  stand  for  metals  forming  stable  and  unstable  hy¬ 
drides,  respectively  [6],  Compounds  of  compositions  ranging  from 
AB5  to  AB3-type  with  typical  discharge  capacities  of  320— 
380  mAh  g-1  are  today  used  as  active  materials  in  commercial  Ni¬ 
MH  batteries  [7—9],  However,  they  all  contain  expensive  rare-earth 
elements  and  their  mass  capacity  is  limited  by  their  high  molecular 
weight.  TiNi-based  compounds  are  lighter  and  do  not  contain 
strategic  rare-earth  elements  and  therefore  are  promising  com¬ 
pounds  for  next  generation  of  Ni-MH  batteries. 

TiNi  is  however  most  known  for  its  outstanding  shape  memory 
properties  which  are  based  on  a  reversible  martensitic  trans¬ 
formation.  This  transition  is  a  diffusionless  structural  trans¬ 
formation  between  a  high  temperature  phase  with  cubic  structure 
(CsCl-type,  B2  in  structure  bericht  designation)  and  a  low  temper¬ 
ature  phase  with  monoclinic  structure  (B19').  As  a  shape  memory 
alloy,  TiNi  has  lots  of  mechanical  and  biomedical  applications: 
piping,  actuators,  stents...  [10—12],  Much  less  attention  has  been 
paid  to  the  fact  that  TiNi  can  absorb  significant  amount  of  hydrogen 
(1.4  hydrogen  atoms  per  formula  unit  H  f.u.-1)  at  normal  conditions 
of  temperature  and  pressure  [13],  Furthermore,  TiNi  exhibits  elec¬ 
trochemical  activity  and  good  resistance  to  corrosion  in  alkaline 
media  [14],  For  all  these  reasons,  the  use  of  TiNi  as  active  material  in 
Ni— MH  batteries  can  be  envisaged. 

Unfortunately,  the  discharge  capacity  of  binary  TiNi  is  rather 
low.  Gutjahr  et  al.  reported  that  230  mAh  g-1  can  be  obtained  at 
slow  kinetic  regime  while  using  two-phase  TiNi— Ti2Ni  electrodes 
[15],  Interestingly,  TiNi  shows  a  good  cycle  life  for  more  than  100 
cycles.  Chemical  substitution  in  Ti  or  Ni  sublattices  can  be  effective 
to  increase  the  discharge  capacity.  Thus,  previous  research  in  our 
group  demonstrated  that  the  hydrogenation  capacity  increases  to 
2.6  H  f.u.-1  for  (Ti.Zr)Ni  pseudobinary  compounds  leading  to 
discharge  capacities  as  high  as  370  mAh  g-1  at  C/10  rate  [16,17], 
Unfortunately,  the  cycle-life  of  (Ti,Zr)Ni  compounds  is  quite  poor 
for  the  battery  application. 

In  this  study,  the  structural  properties  of  Ti(Ni,Cu)  intermetallic 
compounds  (IMCs)  as  well  as  their  solid— gas  and  electrochemical 
hydrogenation  properties  are  investigated.  We  show  that  Cu  sub¬ 
stitution  enhances  the  discharge  capacity  of  binary  TiNi  up  to 
300  mAh  g-1  at  fast  kinetic  regime.  Such  a  high  capacity  increase 
results  from  the  destabilization  of  the  hydride  phase  by  the  Cu 
substitution.  These  results  demonstrate  that  the  Ti(Ni,Cu)  com¬ 
pounds,  which  do  not  contain  costly  rare-earth  metals,  are  relevant 
materials  for  their  use  in  commercial  Ni-MH  batteries. 

2.  Experimental  methods 

Cu  substituted  IMCs  with  nominal  composition  of 
Tii.oiNi0.99_xCu*  (x  =  0, 0.1, 0.2, 0.3, 0.4  and  0.5)  were  synthesized  by 
induction  melting  in  the  form  of  alloy  ingots.  To  ensure  chemical 
homogeneity,  the  ingots  were  annealed  at  1173  K  for  4  weeks.  Their 
chemical  composition  and  microstructure  were  investigated  by 
Electron  Probe  Micro  Analysis  (EPMA)  with  a  Cameca  SX-100  de¬ 
vice.  The  martensitic  transformation  temperatures  were  deter¬ 
mined  by  Differential  Scanning  Calorimetry  (DSC)  using  a  TA  Q100 
calorimeter  in  the  range  200—400  K  at  the  heating/cooling  rate  of 
10  K  min-1.  Samples  were  sealed  in  aluminum  pans  for  this  pur¬ 
pose.  The  crystal  structure  of  IMCs  and  their  hydrides  was 


characterized  by  powder  X-ray  diffraction  (PXRD)  with  a  8—6 
Bragg— Brentano  diffractometer  (D8  Bruker)  using  CuKa  radiation. 
For  IMCs,  diffraction  data  were  obtained  at  RT  and  473  K  in  powder 
samples.  To  produce  the  metallic  powder,  the  samples  were  first 
embrittled  by  hydrogenation,  next  manually  crushed  to  powder 
and  then  thermally  desorbed  by  heating  at  873  K  under  secondary 
vacuum.  For  hydrides,  PXRD  patterns  were  collected  at  RT. 

Hydrogenation  thermodynamics  were  characterized  by  Pres¬ 
sure  Composition  Isotherms  (PCI)  by  the  Sievert’s  method  using 
home-made  manometric  benches.  To  speed  up  hydrogen  absorp¬ 
tion,  the  alloy  ingots  were  first  cut  in  to  small  pieces  of  ~  1  mm  in 
thickness  by  using  a  low  speed  diamond  saw,  etched  with  HF  10% 
solution  for  30  s  and  rinsed  with  ethanol.  Samples  were  activated 
for  three  absorption/desorption  cycles  before  PCI  acquisition.  Ab¬ 
sorption  was  carried  out  at  Ph2  =  5  MPa,  T  =  423  K  and  desorption 
at  T  =  773  I<  under  primary  vacuum. 

Electrochemical  properties  were  determined  by  galvanostatic 
cycling  at  RT  in  one-compartment  cell.  Negative  working  electrodes 
(typical  mass  300  mg)  were  made  of Ti(Ni,Cu)  powders  sieved  under 
63  pm  and  mixed  with  conductive  black  carbon  and  polytetra- 
flutoethylene  (PTFE)  in  90:5:5  weight  ratio.  This  mixture  was  spread 
out  in  sheets  of  0.25  mm  thick  and  compressed  onto  a  Ni  current 
collector.  A  positive  NiOOH/Ni(OH)2  electrode  was  used  as  the 
counter  electrode  and  the  potential  was  measured  versus  a  Hg/HgO 
reference  electrode  (Hg/HgO  vs.  SHE  =  0.098  V).  A  poly-amide  sheet 
was  placed  between  the  positive  and  negative  electrode  as  a  sepa¬ 
rator  to  avoid  the  electrical  shortcuts.  6  M  KOH  aqueous  solution  was 
used  as  electrolyte  both  in  the  electrochemical  cell  and  in  the 
reference  electrode  to  avoid  OH-  concentration  gradients.  The  gal¬ 
vanostatic  cycling  was  performed  at  the  rate  of  C/10  (full  capacity  C 
in  10  h)  with  a  cutoff  potential  of -0.7  V  vs.  Hg/HgO.  Electrochemical 
isotherms  were  obtained  at  RT  by  the  Galvanostatic  Intermittent 
Titration  Technique  (GITT).  For  selected  electrodes,  high-rate  capa¬ 
bility  studies  were  also  carried  out  by  galvanostatic  charging  at  C/20 
regime  and  subsequent  discharge  from  5D  to  D/20  rate. 

To  better  understand  the  effect  of  Cu  substitution  on  the  elec¬ 
trochemical  properties  of  TiNi,  structural  transformations  of  TiNi 
and  TiNio.8Cuo.2  compounds  were  characterized  during  electro¬ 
chemical  deuteration  by  in-situ  Neutron  Powder  Diffraction  (NPD). 
The  composite  electrodes  were  made  from  ~3.5  g  of  intermetallic 
powder  using  the  same  procedure  as  described  before.  The  elec¬ 
trode  sheets,  about  1.5  mm  in  thickness,  were  rolled  up  on  them¬ 
selves  to  form  cylinder  of  about  50  mm  height  and  10  mm  diameter. 
The  working  electrode  was  placed  between  inner  and  outer  cylin¬ 
drical  counter-electrode  made  of  nickel,  with  silica  sheaths  as 
separators  on  each  side  of  the  working  electrode.  The  working 
electrode  was  introduced  in  a  specially  designed  silica  cell  [18] 
filled  with  electrolyte  solution  (5.5  M  NaOD/D20)  and  equipped 
with  Cd/Cd(OD)2  reference  electrode  (Cd(OH)2/Cd  vs. 
SHE  =  -0.809  V).  The  electrodes  were  charged  at  C/10  and  dis¬ 
charged  at  D/10  rate  with  a  cutoff  potential  of  0.5  V  vs.  Cd(OH)2/Cd 
otherwise  specified.  NPD  data  have  been  recorded  at  RT  and 
ambient  pressure  with  the  High  Resolution  Powder  Diffractometer 
for  Thermal  Neutrons  (HRPT)  in  high  sensitive  mode  at  SINQ-PSI  in 
Switzerland.  The  patterns  were  recorded  by  batch  of  8  varying  the 
detector  angle  by  step  of  0.15.  Typical  time  acquisition  was  225  s  per 
pattern.  The  eight  patterns  were  finally  combined  in  one  signal  file 
leading  to  a  time  resolution  of  about  1800  s  for  each  diffraction 
measurement.  The  diffraction  patterns  were  sequentially  refined  by 
using  the  Rietveld  method  using  the  Fullprof  software  [19]. 

All  electrochemical  experiments  were  computer  monitored  us¬ 
ing  a  VMP3  galvanostat  from  Biologic.  Before  running  the  experi¬ 
ments,  electrochemical  cells  were  pumped  under  primary  vacuum 
in  order  to  impregnate  the  working  electrode  with  the  electrolyte 
and  to  remove  any  gaseous  molecules  trapped  in  the  electrode. 
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Table  1 

Nominal  and  EPMA  chemical  composition  of  Tii.oiNio.gg-xCu*  alloy  ingots.  Standard 
deviations  referred  to  the  last  digit  are  given  in  parenthesis. 


x  Nominal  compositi 

on  Main  phase  (EPMA) 

Secondary  phase  (EPMA) 

0  Ti1_0,Ni0_99 

Tii.oi(i)Nio.95(7) 

Tii.80(i)Nii.i9(2) 

0.1  Tii.oiNio.89Cuo.i 

Til.02(l)Nio.88(l)CUo.lO(2) 

Til.75(l)Ni,.,5(l)Cu0.09(3) 

0.2  Ti1.oiNi0.79Cuo,2 

Til.02(l)Nio.78(2)CUo.l9(l) 

Til.89(5)Nio.97(l)CUo.i3(3) 

0.3  Ti1.0iNi0.69Cu0.3 

Til  .02(  1  )N  io.68(4)CU0.30(  1 ) 

Til.74(7)Nio.95(5)CUo28(7) 

0.4  Ti,  oiNio.59Cuo.4 

Til.02(l  )Nio.58(4)CU0.39(3) 

Til.59(6)Ni0.86(2)Cu0.55(4) 

0.5  Tii.oiNio.49Cuo.5 

Til  .02(1  )Nio.48(7)CU0.49(l ) 

Til.90(4)Nio.62(l)Cu0.47(4) 

3.  Results  and  discussion 

3.1.  Alloy  characterization 

3.1.1.  Chemical  composition  and  microstructure 

Phase  occurrence  and  composition  of  alloy  ingots  are  displayed 
in  Table  1.  All  ingots  contain  AB-type  Ti(Ni,Cu)  as  the  main  phase 
(typical  content  above  95%)  and  secondary  Ti2(Ni,Cu)  AgB-type 
precipitates.  The  composition  of  the  main  phase  is  close  to  the 
nominal  one.  Minor  precipitation  of  A2B-type  phases  in  Ti-rich 
Ti(Ni,Cu)  alloys  is  in  agreement  with  the  ternary  Ti— Ni— Cu  phase 
diagram  [20],  The  measured  Ti-content  of  A2B-type  precipitates  is 
much  lower  than  expected  (A/B  ratio  =  2)  since  their  size  is  com¬ 
parable  with  the  spatial  resolution  of  EPMA  ( ~  1  pm)  as  can  be  seen 
in  back-scattered  electron  images  (Fig  SI  in  Supplementary 
material). 

3.1.2.  Thermal  phase  stability 

The  thermal  phase  stability  of  TiNii_*Cux  IMCs  has  been 
analyzed  by  DSC  at  the  second  heating/cooling  cycle  and  results  are 
shown  in  Fig.  1.  The  martensitic  transformation  temperature  and 
pathway  depend  on  the  Cu  content.  For  binary  TiNi  (x  =  0),  a  single 
peak  appears  on  cooling  and  heating  due  to  the  reversible 
B2  — >  B19'  structural  transformation.  In  contrast,  for  x  =  0.2  two 
peaks  both  on  cooling  and  heating  appear.  The  high  temperature 
peak  is  assigned  to  the  B2  -»  B19  transformation  while  the  lower 
peak  corresponds  to  the  B19  — >  B19'  transformation.  The  high 
temperature  peak  is  larger  and  sharper  than  the  low  temperature 
peak.  For  the  highest  Cu  content  (x  =  0.5)  only  one  peak  appears 
which  is  assigned  to  the  reversible  B2  ->  B19  martensitic  trans¬ 
formation.  The  thermal  hysteresis  is  larger  for  B2  ->  B19'  than  for 
the  B2  — >  B19  martensitic  transformation.  From  these  results,  the 
thermal  phase  stability  map  of  TiNij_xCux  IMCs  as  a  function  of  Cu 


content  is  displayed  in  Fig.  lb.  Transformation  temperatures  are 
compared  to  previous  results  reported  by  Nam  et  al.  for 
Tii.ooNii.oo-xCux  compounds  [21],  In  both  studies  the  martensitic 
transformation  temperatures  decrease  sharply  for  the  B2  ->  B19' 
transformation  whereas  those  of  B2  — ►  B19  transition  remain  sta¬ 
ble.  However,  the  martensitic  transformation  temperatures  in  our 
work  are  about  30  K  higher  as  compared  to  those  of  Nam  et  al.  This 
difference  is  attributed  to  the  use  of  Ti-rich  composition  in  our 
study  which  currently  leads  to  higher  transformation  temperatures 
[22], 

3.1.3.  Crystal  structure 

The  crystal  structure  of  Ti|.oiNio.99_xCu„  alloys  was  first  deter¬ 
mined  at  473  K  by  PXRD.  The  corresponding  diffraction  patterns  are 
displayed  in  Fig.  2.  At  this  temperature,  the  main  phase  is  B2  which 
yields  a  simple  pattern  with  few  diffraction  peaks.  This  facilitates 
indexing  of  secondary  phases:  Ni-rich  Ti2(Ni,Cu)  phase  with  space 
group  (S.G.)  Fd-3m  for  low  Cu  contents  (x  <  0.3)  and  Cu-rich 
Ti2(Cu,Ni)  phase  with  S.G.  14/mmm  for  high  Cu  contents  (x  >  0.4). 
The  dependence  of  the  unit-cell  volume  of  the  main  B2  phase  with 
Cu  content  is  given  in  the  inset  of  Fig.  2.  The  cell  parameter  in¬ 
creases  linearly  with  Cu  content,  a  fact  that  concurs  with  the  larger 
atomic  radius  of  Cu  as  compared  to  Ni  (rui  =  1.24  A,  rcu  =  1.28  A). 
This  result  anticipates  the  formation  of  pseudo-binary  Ti(Ni,Cu) 
compounds  with  random  and  partial  substitution  of  Ni  by  Cu  atoms 
as  will  be  later  demonstrated  by  Rietveld  analysis  of  the  hydrided 
samples. 

Fig.  3  shows  the  PXRD  patterns  of  Tii.oiNi0.99_xCux  alloys  at  RT. 
At  low  Cu  contents  (x  <  0.1 )  the  main  Ti(Ni,Cu)  phase  crystallizes  in 
two  polymorphs:  the  monoclinic  B19'  structure  with  P2\m  space 
group  as  major  contribution,  and  residual  B2  phase  in  minor 
amount.  In  contrast,  at  high  Cu  contents  (x  >  0.2),  the  Ti(Ni,Cu) 
phase  crystallizes  totally  in  the  orthorhombic  B19  structure  with 
S.G.  P mmb.  The  stabilization  of  the  B19  phase  at  high  Cu-contents 
concurs  with  the  DSC  data  shown  in  Fig.  1.  The  PXRD  patterns 
were  analyzed  by  the  Rietveld  method.  Phase  identification, 
abundance  and  cell  parameters  are  displayed  in  Table  SI  of 
Supplementary  material.  At  x  <  0.1,  the  martensitic  phase  B19' 
coexists  with  almost  13  wt.%  of  the  parent  B2  cubic  structure. 
However,  at  x  >  0.2  only  the  B19  martensitic  phase  is  detected.  The 
dependence  of  the  cell  parameters  and  cell  volume  of  the  ortho¬ 
rhombic  B19  structure  with  Cu  content  is  displayed  in  Fig.  3b.  The 
cell  parameters  exhibit  an  anisotropic  behavior:  a  and  b  cell  pa¬ 
rameters  increase  whereas  the  c  lattice  parameter  decreases  with 
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Fig.  1.  a)  DSC  curves  for  Tii..0iNio.99-*CUx  (x  =  0,  0.2,  0.5)  samples  in  the  second  DSC  run  at  a  heating/cooling  rate  of  10  K  min-1,  b)  Martensitic  transformation  temperatures  of 
Tii..oiNio.99-xCux  alloy  ingots.  Dashed  line:  results  from  Nam  et  al.  [21 J.  O  stands  for  B2  to  B19  transformation  and  M  stands  for  B2  to  B19'  and  B19  to  B19’  phase  transitions.  Start  and 
finish  temperatures  are  denoted  by  s  and  f,  respectively. 
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peaks  are  indexed  in  the  B2  structure.  Peaks  for  secondary  Ti2(Ni,Cu)  and  Ti2(Cu,Ni) 
phases  are  expressly  marked.  Inset:  dependence  of  B2  unit  cell  volume  versus  the  Cu 
content. 


Cu  content.  The  unit  cell  volume  increases  linearly  with  Cu  content 
as  already  observed  for  the  B2  phase  (Fig.  2). 

3.2.  Solid-gas  hydrogenation  properties 

3.2.1.  PCI  curves  and  kinetics  considerations 

Fig.  4  displays  the  PCI  absorption  isotherms  of  Tii.oiNiogg_xCux 
alloys  at  423  K  in  the  pressure  range  1CT4— 1  MPa.  A  sloping  plateau 
pressure  starting  at  a  hydrogen  content  of  Ch  =  0.35  H  f.ur1  is 
observed.  It  is  attributed  to  a-metal  to  p-hydride  phase  trans¬ 
formation.  The  pressure  of  the  plateau  increases  with  Cu  content 
showing  that  the  hydride  phase  destabilizes  with  Cu  substitution. 
This  fact  opposes  to  widely  accepted  geometrical  models  that  state 
that  hydride  stability  increases  with  enlarging  of  the  intermetallic 
cell  volume  [23,24],  This  implies  that  electronic  rather  than  geo¬ 
metric  factors  govern  the  hydride  stability  of  Ti(Ni,Cu)  IMCs. 
Indeed,  we  have  recently  demonstrated  an  analogous  effect  in  Pd- 
substituted  TiNii_xPdx  alloys  through  DFT  electronic  calculations 
[25,26],  This  concordance  suggests,  as  a  general  rule,  that  electronic 
properties  dictate  the  hydride  stability  of  TiNi-based  compounds. 

It  is  worth  mentioning  that  hydrogenation  kinetics  was  found 
to  be  sluggish  for  hydrogen  concentrations  comprised  within  the 


Fig.  4.  PCI  absorption  curves  of  Ti10iNio.99_xCux  (x  =  0, 0.1, 0.3  and  0.5)  alloys  at  423  K. 


plateau  pressure.  Typically,  PCI  equilibrium  pressures  were  ob¬ 
tained  after  resting  time  of  5  days  at  each  sorption  step.  Inter¬ 
estingly,  slow  kinetics  has  also  been  reported  by  Kadel  and 
Weiss  for  fully  substituted  TiCu  [27],  It  was  attributed  to 
decomposition  of  TiCu  into  TiH2  and  Cu  upon  hydrogen  ab¬ 
sorption  at  high  temperature  (773—973  K).  As  will  be  later  dis¬ 
cussed,  Ti(Ni,Cu)  intermetallics  do  not  decompose  upon 
hydrogenation  at  the  temperatures  used  in  this  work  but  loss  of 
crystallinity  is  detected,  which  may  explain  the  observed  kinetic 
behavior.  Such  crystallinity  loss  can  decrease  hydrogen  diffu- 
sivity.  In  this  respect,  Mazzolai  showed  that  by  increasing  the  Cu 
content  from  0.2  to  0.4  in  TiNii  _xCux  compounds,  the  hydrogen 
diffusion  coefficient  decreases  from  3  x  10-7  m2  s-1  to 
5  x  10“8  m2  s"1  [28], 


3.2.2.  Hydrogen  capacity  and  hydride  crystal  structure 

The  hydrogen  capacity  Ch  of  Tii.otNio.gg_xCux  alloys  was  deter¬ 
mined  at  423  K  and  3.6  MPa  of  hydrogen  pressure.  Results  are 
shown  in  Table  2  together  with  the  crystal  data  of  the  formed  hy¬ 
drides.  Ch  decreases  gradually  from  1.40  (x  =  0)  to  1.08 
(x  =  0.5)  H  f.u.-1  by  increasing  the  Cu  content.  This  decrease  takes 
place  in  spite  of  the  enlargement  of  the  IMC  cell  volume  with  Cu 
content  pointing  out  again  that  electronic  rather  than  geometric 
factors  dictate  the  thermodynamic  hydrogenation  properties  of  this 
system. 


Fig.  3.  a)  Diffraction  patterns  of  Tii..oiNio.99-*Cu*  alloys  at  RT.  Diffraction  peaks  for  the  martensitic  B19  and  B19'  phases  are  expressly  labeled  for  x  =  0  and  0.2.  b)  Evolution  of  cell 
parameters  and  cell  volume  of  the  B19  orthorhombic  phase  as  a  function  of  Cu  content. 
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Table  2 

Hydrogen  content  (CH),  cell  parameters  (a,  c),  cell  volume  ( V ),  hydrogen  volume  ( VH)  and  Rietveld  agreement  factors  (Rb  and  x2)  of  fully  hydrogenated  Tii.oiNio.99-xCu„  samples. 
The  standard  deviations  referred  to  the  last  digit  are  given  in  parenthesis. 


X 

Composition 

CH  (A3  f.u."1) 

a  (A) 

C(A) 

2  a/c 

V  (A3  f.u.  ') 

VH  (A3  H-1) 

Rb  (%) 

x2 

0 

Tii.oiNio.99Hi.4 

1.4 

6.2255(6) 

12.364(2) 

1.007 

29.95(1) 

1.84 

9.8 

1.9 

0.1 

Ti1.01Ni0.89Cu0.1H1.2e 

1.26 

6.2469(7) 

12.406(3) 

1.008 

30.25(1) 

2.05 

4.5 

1.4 

0.2 

Ti1.01Ni0.79Cu0.2H1.30 

1.30 

6.254(1) 

12.437(3) 

1.006 

30.40(1) 

2.13 

8.8 

1.4 

0.3 

Ti1.01Nio.69Cuo.3H1.25 

1.25 

6.254(8) 

12.407(7) 

1.008 

30.32(3) 

1.99 

5.8 

1.9 

0.4 

Ti1.01Nio.59Cuo.4H1.11 

1.11 

6.257(2) 

12.373(7) 

1.011 

30.28(2) 

2.13 

3.6 

1.2 

0.5 

Ti1.01Ni0.49Cu0.5H1.08 

1.08 

6.264(4) 

12.357(6) 

1.014 

30.30(4) 

2.10 

9.3 

1.4 

Fig.  5.  a)  XRD  patterns  for  all  hydrided  Tii.oiNio.99-xCu*  samples  at  RT.  The  main  peaks  for  the  tetragonal  structure  (S.G.  14/mmm)  are  indexed,  b)  and  c)  Graphical  outputs  of  the 
Rietveld  analysis  for  Tibo1Nio.79Cuo.2H13  and  Ti101Ni0.59Cu0.4H1u  hydrided  samples,  respectively. 


PXRD  diffraction  pattern  for  all  fully  hydrided  samples  are 
shown  in  Fig.  5a.  Main  diffraction  peaks  can  be  indexed  in  the 
tetragonal  M/mmm  space  group  as  previously  reported  for  TiNi 
hydride  with  1  <  Ch  <  1.4  [29],  The  diffraction  peaks  broaden  with 
increasing  Cu  content  which  indicates  a  progressive  loss  of  crys¬ 
tallinity.  Cell  parameters  and  volume  of  the  major  Ti(Ni,Cu)  hydride 
phase  are  gathered  in  Table  2.  The  a  parameter  gradually  increases 
with  Cu-content  whereas  the  c  parameter  increases  up  to  x  =  0.2 
and  then  decreases.  This  results  in  a  cell  volume  increase  for  Cu 
substitution  up  to  x  =  0.2,  followed  by  a  decrease  at  high  Cu  con¬ 
tents  for  which  the  tetragonal  distortion  (2 a/c  ratio)  is  reinforced. 
The  cell  volume  increase  is  attributed  to  the  enlargement  of  the 


intermetallic  sub-lattice  with  Cu  substitution,  whereas  its  decrease 
is  due  to  the  depletion  in  hydrogen  content.  It  is  worth  noting  that 
the  volume  occupied  by  the  hydrogen  atoms,  determined  as 
(^hydride  -  14mc)/Ch,  is  about  2  A3  H-1  in  all  compounds.  This  value 
concurs  with  previous  findings  in  metals  for  which  hydrogen  atoms 
are  localized  in  octahedral  sites  [29-31], 

The  diffraction  patterns  were  analyzed  by  the  Rietveld  method. 
The  results  for  two  representative  (x  =  0.2  and  0.4)  samples  are 
given  in  Table  3  and  the  graphical  Rietveld  output  is  shown  in 
Fig.  5b  and  c.  The  crystal  structure  of  the  main  Ti(Ni,Cu)Hy  hydride 
phase  can  be  refined  assuming  the  random  substitution  of  Cu 
atoms  in  Ni  sites.  The  refined  site  occupancy  factor  (SOF)  for  Cu 


Table  3 

The  crystal  structure  of  the  metal  sub-lattice  of  the  main  phase  inTi1.01Nio.79Cuo.2H13  and  Ti1.02Ni0.59Cu0.4H1.11  hydrides  as  obtained  from  the  Rietveld  analysis  of  PXRD  data.  The 
standard  deviations  referred  to  the  last  digit  are  given  in  parenthesis. 


ft j .0 1  M’o. 79CU 02H j  30,  S.G.  14/mmm,  a  =  6.254(1)  A, 


TU.01Ni0.59C1i0.4H1.ij,  S.G.  14/mmm,  a  =  6.257(2)  A, 
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Fig.  6.  Potential  traces  in  the  4th  cycle  for  Tfi .0iNi0.99_*CUx  compounds  with  (a)  x  =  0.2 
and  (b)  x  =  0.4.  Horizontal  and  vertical  dashes  lines  indicate  the  time  and  potential  at 
which  the  hydrogen  evolution  reaction  is  detected. 


atoms  at  16m  site  is  in  good  agreement  with  the  nominal  alloy 
composition:  SOFcu,i6m  =  0.16  ±  0.03  and  0.43  ±  0.05  for  x  =  0.2 
and  0.4,  respectively.  Secondary  hydride  phases  of  the  type 
Ti2(Ni,Cu)-H  and  Ti2(Cu,Ni)-H  at  low  and  high  Cu-contents, 
respectively,  were  also  detected  at  a  typical  content  of  3  wt.%. 

3.3.  Electrochemical  properties 

3.3.1.  Galvanostatic  cycling 

Electrochemical  properties  of  the  Tii.oiNio.99_xCux  compounds 
were  first  investigated  by  galvanostatic  cycling.  Potential  traces  at 
the  4th  cycle  are  shown  in  Fig.  6.  For  x  =  0.2,  the  potential  decreases 
rapidly  on  charging  for  3  h  due  to  solid  solution  of  hydrogen  in  the 
a-metal  phase.  Then,  a  wide  plateau  potential  at  -0.94  V  occurs  for 
6  h  attributed  to  the  a-metal  to  p-hydride  phase  transformation. 
Next,  the  potential  decreases  to  reach  the  potential  of  the  hydrogen 
evolution  reaction  (HER)  at  -0.951  V.  On  discharge,  the  reverse 
reactions  are  observed  with  a  significant  hysteresis  in  the  potential 
plateau  that  occurs  at  -0.90  V  for  the  P  ->  a  phase  transformation. 

The  potential  trace  for  x  =  0.4  differs  as  compared  to  x  —  0.2.  For 
both  charge  and  discharge  no  potential  plateau  is  observed.  On 
charging  the  potential  gradually  decreases  for  4  h  until  the  HER 
potential  is  attained.  The  reverse  behavior  is  observed  on  discharge. 
On  relaxation  at  the  end  of  discharge,  the  potential  decreases  to 
lower  value  than  for  x  =  0.2,  which  indicates  that  more  hydrogen 


keeps  trapped  within  the  electrode  on  increasing  the  Cu  content. 
This  suggests  that  the  hydrogenation  kinetics  slows  down  with 
increasing  Cu-content  as  observed  in  solid-gas  experiments. 

Electrochemical  cycling  was  performed  for  all  samples  up  to  30 
cycles  (Fig.  7a).  All  electrodes  fully  activate  in  three  cycles.  As 
proved  for  (Ti,Zr)Ni  compounds,  this  activation  period  probably 
corresponds  to  the  modification  of  native  oxides  formed  on  the 
surface  of  active  material  [17],  Good  cycling  stability  is  observed  for 
all  electrodes  with  typical  capacity  decay  lower  than  0.2%  per  cycle 
except  for  TiNio.sCuo,2.  The  latter  electrode,  which  exhibits  the 
highest  capacity,  has  a  capacity  loss  of  0.6%  by  cycle.  This  is  prob¬ 
ably  associated  to  pulverization  effects  related  to  the  high  amount 
of  reversible  hydrogen  loading.  Its  maximum  capacity  attains 
300  mAh  g-1  which  is  very  close  to  the  discharge  capacity  of 
commercial-type  LaNis  compounds  without  containing  expensive 
rare  earth  elements. 

It  is  worth  comparing  the  electrochemical  capacities  measured 
by  galvanostatic  cycling  with  those  that  can  be  calculated  from  the 
hydrogen  content  obtained  by  solid-gas  reaction  (Table  2).  This  is 
shown  in  Fig.  7b.  The  latter  capacities  constitute  an  upper  limit  of 
the  former,  since  in  open  electrochemical  cells  the  equivalent 
pressure  is  limited  to  0.1  MPa.  The  electrochemical  capacity  first 
increases  by  Cu  substitution  from  150  to  300  mAh  g1  for  x  =  0  and 
0.2,  respectively,  and  approaches  the  solid-gas  limit  of 
350  mAh  g-1.  Then,  the  electrochemical  capacity  gradually  de¬ 
creases  down  to  96  mAh  g-1  for  the  highest  Cu  content  (x  =  0.5). 
This  behavior  can  be  qualitatively  understood  after  considering  the 
destabilizing  effect  of  Cu  substitution,  which  is  clearly  revealed  by 
the  following  GITT  experiments. 


3.3.2.  GITT  isotherms 

GITT  isotherms  at  RT  were  obtained  for  electrodes  with  x  <  0.2 
after  activation.  Results  are  shown  in  Fig.  8.  Whereas  no  clear  po¬ 
tential  plateau  is  observed  in  binary  TiNi,  it  happens  with  Cu  sub¬ 
stitution.  This  potential  plateau  shifts  to  lower  potentials  as  the  Cu 
substitution  increases.  Using  the  Nernst  equation,  equivalent 
plateau  pressures  of  2  x  10  3  and  10-2  MPa  are  calculated  for 
x  =  0.1  and  0.2  electrodes,  respectively.  This  corroborates  the 
destabilization  of  Ti(Ni,Cu)  hydride  with  Cu  content  as  observed  for 
PCI  isotherms  (Fig.  4).  Moreover,  Cu  substitution  opens  a  wide 
miscibility  gap  at  room  temperature  between  the  a-metal  and  (3- 
hydride  phases.  Thus,  the  largest  plateau  is  observed  for  x  =  0.2  Cu 
content  which  has  the  highest  discharge  capacity.  For  higher  Cu 
contents,  the  potential  plateau  surpasses  atmospheric  pressure  on 
charging  (see  Fig.  6b)  and  consequently  the  GITT  isotherms  (not 


Cycle  number 


Fig.  7.  a)  Discharge  capacity  of  Ti10iNio.99-xCu,  electrodes  as  a  function  of  cycling  number,  b)  comparison  between  the  maximum  electrochemical  discharge  capacity  (open 
symbols)  and  the  solid-gas  capacity  of  Tii.oiNio.99_xCu*  compounds  in  electrochemical  units  (lull  symbols). 
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trades.  Dashed  lines  show  the  equivalent  plateau  pressure  at  half  plateau. 


shown)  do  not  exhibit  any  potential  plateau.  This  also  accounts  for 
the  observed  decrease  on  the  discharge  capacity  for  x  >  0.3 
(Fig.  7b). 

3.3.3.  High-rate  capability 

The  interesting  electrochemical  properties  of  TiI  OiNio  7gCuo.2 
compound  deserve  further  electrochemical  characterization.  High- 
rate  capability  measurements  were  performed  on  this  compound 
and  compared  to  binary  Ti1.01Ni0.99.  Kinetic  results  are  shown  in 
Fig.  9.  Since  these  measurements  were  conducted  on  discharge, 
rate  capabilities  are  denoted  hereafter  as  D  instead  of  the  more 
usual  C  notation.  Both  electrodes  start  providing  significant 
discharge  capacities  at  D  rate.  However,  the  Cu  substituted  com¬ 
pound  exhibit  better  kinetics  than  the  binary  one.  At  D/2  rate,  80% 
of  its  maximum  capacity  is  obtained  for  the  former  whereas  only 
40%  is  obtained  for  the  latter.  This  result  shows  that  Tii.oiNio.7gCuo.2 
compound  can  be  used  at  significant  rates  with  80%  discharge  in 
2  h.  Such  a  good  kinetics  obtained  at  room  temperature  is  striking 
when  compared  with  the  slow  kinetics  observed  by  solid— gas  re¬ 
action  at  423  K.  This  may  indicate  that  the  surface  reactivity  is 
higher  in  electrochemical  than  in  solid/gas  medium. 

3.4.  In-situ  neutron  diffraction  studies 

We  have  shown  that  Cu  substitution  enhances  the  reversible 
electrochemical  capacity  of  TiNi  from  150  mAh  g-1  to  300  mAh  g-1 
due  to  the  enlargement  of  the  a— P  miscibility  gap  and  also  to  the 
decrease  of  the  hydride  stability.  To  better  understand  this 
behavior,  the  structural  transformations  of  Ti1.01Nio.99  and 
Tii.oiNio.79Cuo.2  compounds  were  investigated  during  their  elec¬ 
trochemical  deuteration  by  in-situ  neutron  powder  diffraction. 

3.4.1.  Th.01Ni0.99  electrode 

Structural  transformations  for  the  Ti1.01Ni0.99  electrode  were 
investigated  during  the  first  electrochemical  cycle.  The  electrode 
was  charged  with  a  constant  current  of  -34  mA  g-1  (i.e.  C/10  rate) 
for  12  h,  relaxed  for  1.5  h  in  open  circuit,  and  discharged  at  D/10  rate 
up  to  the  potential  of  0.5  V  versus  Cd/Cd(OD)2.  The  time  evolution 
of  NPD  pattern  in  the  angular  domain  23  <  26  <  35  during  the  first 
cycle  is  shown  in  Fig.  10.  Unfortunately,  the  main  diffraction  peaks 
of  the  IMC  phase  as  well  as  those  of  electrochemically  formed  hy¬ 
drides  are  superposed  into  a  broad  diffraction  bump  originated  by 
diffuse  scattering  of  the  electrolyte  and  silica  container.  This  fact 
renders  difficult  here  and  in  forthcoming  analysis  to  extract 
detailed  crystallographic  information.  Nevertheless,  on  charging, 


one  can  note  the  gradual  vanishing  of  the  diffraction  peaks  refer¬ 
ring  to  the  a-B19'  IMC  phase  and  the  appearance  of  a  new  set  of 
diffraction  peaks  corresponding  to  the  formation  of  p-deuteride. 
Moreover,  the  diffraction  peaks  of  the  p-phase  shift  to  lower  angles 
suggesting  an  extended  solid  solution  range  of  deuterium  in  this 
phase.  The  peaks  of  the  deuteride  phase  can  be  indexed  in  the  S.G. 
14/mmm  as  occurs  for  solid— gas  experiments  (Fig.  5). 

The  maximum  deuterium  loading  attained  by  electrochemical 
means  has  been  determined  by  Rietveld  analysis  of  the  NPD  pattern 
monitored  at  the  end  of  charge.  The  Rietveld  graphical  output  is 
shown  in  Fig  S2  of  Supplementary  material.  The  deuterium  content 
reaches  1.3  ±  0.1  D  f.u.-1.  This  value  concurs  with  the  hydrogen 
capacity  of  TiNi  compound  through  solid-gas  reaction  at  normal 
conditions  of  pressure  and  temperature  [13],  This  state  is  denoted 
as  Pmax-phase  in  Fig.  10.  On  discharge,  the  deuterium  content  of  the 
P-phase  decreases  down  to  1.0  =t  0.1  D  f.u.-1.  This  state  is  denoted  as 
Pmin-phase.  In  addition  a  new  peak  located  at  26  =  29.2°  appears  at 
the  end  of  the  discharge.  Its  position  differs  from  those  of  a  and  P 
phases.  It  is  attributed  to  the  formation  of  a  new  phase  denoted  as 
y-phase.  Diffraction  peaks  from  this  phase  could  be  tentatively 
indexed  in  the  S.G.  P4/mmm,  but  its  deuterium  content  could  not  be 
determined  by  Rietveld  analysis.  However,  it  can  be  estimated  from 
the  expansion  of  the  metal  sub-lattice  cell  volume  considering,  as 
shown  before,  that  hydrogen  occupies  ~  2  A3  H-1  in  TiNi-based 
compounds.  Thus,  the  hydrogen  content  in  the  y  phase  is  esti¬ 
mated  as  Chv  =  0.63  D  f.u.-1. 

For  the  whole  galvanostatic  cycle,  cell  parameters  and  amount 
of  detected  phases  have  been  sequentially  refined  by  Rietveld 
analysis.  Fig.  11  shows  these  results  together  with  the  electro¬ 
chemical  charge  Q  passed  through  the  electrode.  During  the 
charging  step,  no  solid  solution  domain  of  deuterium  in  the  a- 
phase  is  observed  and  the  volume  of  this  phase  keeps  almost 
constant.  Indeed,  a  two  phase  domain  exists  where  the  a-phase 
transforms  into  the  P-deuteride  phase.  The  volume  of  the  P-phase 
increases  continuously  which  confirms  high  solubility  of  deuterium 
in  this  phase.  Deuterium  gas  evolution  occurs  beyond  10  h  as  a 
result  of  P-deuteride  saturation  at  1  atm.  On  discharge,  the  amount 
of  p-phase  is  initially  constant  (13.5  <  t  <  15.5  h)  but  the  cell  vol¬ 
ume  of  the  P-phase  decreases  as  a  result  of  deuterium  unloading 
from  the  P-phase.  Within  this  region  70  mAh  g-1  of  discharge  ca¬ 
pacity  are  obtained.  Later,  from  15.5  h  to  17.3  h,  a  two  phase  domain 
is  observed  where  the  p-phase  partially  transforms  into  the  y 
phase.  The  maximum  amount  of  y  phase  at  the  end  of  charge  is 
10  wt.%.  The  total  discharge  capacity  reaches  130  mAh  g-1  which  is 
equivalent  to  the  discharge  of  0.52  D  f.u.-1. 


Ti1.01Nio.99  and  Cu  substituted  Tii.oiNio.79Cu0.2. 
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Fig.  10.  3D  (left)  and  2D  (right)  view  of  the  NPD  pattern  evolution  as 
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function  of  time  during  the  first  charge  and  discharge  cycle  of  TiNi  electrode. 


As  a  final  remark  for  this  electrode,  it  is  worth  nothing  that  the 
crystal  structure  of  the  P-deuteride  phase  (S.G.  /4/mmm)  is  the 
same  by  electrochemical  charging  at  RT  and  by  solid— gas  reaction 
at  473  K.  However,  the  crystal  structure  of  the  pristine  Tii,oiNio.gg 
compound  differs  in  these  experiments:  B19'  at  RT  and  B2  at  473  K. 
It  is  therefore  concluded  that  neither  TiNi  polymorphism  nor  hy¬ 
drogenation  route  (electrochemical  vs.  solid-gas  reaction)  influ¬ 
ence  the  crystal  structure  of  the  formed  hydride  phase. 

To  summarize,  electrochemical  charging  of  Ti1.01Ni0.9g  electrode 
induces  a-metal  to  P-hydride  phase  transformation  with  the  end 
formation  of  TiNiDi.3±o.i  compound.  This  corresponds  to  a  charge 
capacity  of  330  mAh  g-1.  On  discharge,  only  130  mAh  g-1  (i.e. 
0.52  D  f.u.-1 )  are  recovered,  mostly  as  result  of  deuterium  depletion 
within  the  p-hydride  phase. 

3.4.2.  Tii  oiNiojgCuo 2  electrode 

In-situ  NPD  studies  were  next  performed  on  Tii.0iNio.79Cu0.2 
electrode  during  the  first  galvanostatic  cycling.  3D  NPD  patterns 
during  cycling  at  C/10-D/10  regime  are  shown  in  Fig.  12a.  The 
pristine  active  material  crystallizes  in  the  B19  structure  (S.G.  Pmmb ) 
denoted  here  as  a-B19  phase.  On  charging,  diffraction  peaks  from 
this  phase  disappear  but  no  novel  peaks  are  observed.  It  can  be 
inferred  that  deuterium  loading  leads  in  this  case  to  the  formation 
of  a  poorly-crystallized  phase.  On  discharging,  diffraction  peaks 
show  up  again  but  at  positions  that  differ  from  those  of  the  pristine 
a-B19  phase.  These  peaks  could  alternatively  be  indexed  in  the 
monoclinic  P2i/m  space  group,  astonishingly  the  same  as  for  pris¬ 
tine  binary  compound.  Indeed,  the  lattice  parameters  and  cell 


volume  of  this  phase  are  close  (though  slightly  larger)  to  the  binary 
TiNi  electrode  (see  Table  4).  Its  deuterium  content  was  evaluated 
from  the  cell  volume  expansion  as  0.28  H  f.u.-1.  This  low  value 
indicates  that,  on  discharge,  an  intermetallic  phase  having  small 
deuterium  solubility  is  formed.  This  phase  is  denoted  as  a'  since  its 
structure  differs  from  that  of  the  pristine  a-B19  phase. 

For  the  first  galvanostatic  cycle,  the  electrode  only  discharged 
235  mAh  g-1.  We  previously  showed  that  at  least  three  cycles  are 
needed  for  this  compound  to  achieve  full  activation  (Fig.  7).  Then, 
the  electrode  was  further  cycled  out  of  beam  for  three  times  and 
charged  again.  Contrary  to  the  first  charging,  the  NPD  after  at  the 
fourth  charge  exhibited  diffraction  peaks  that  could  be  tentatively 
indexed  in  the  S.G.  /4/mmm  as  for  Ti(Ni,Cu)  p-deuterides  prepared 
by  solid— gas  reaction  (Fig.  5).  However,  this  deuterated  phase  ex¬ 
hibits  markedly  distinct  lattice  parameters  and  will  be  thereafter 
denoted  as  P'-phase.  In  particular,  using  this  indexation,  the  cell 
volume  of  this  phase  is  strikingly  large  (31.38  A3  f.u.-1),  leading  to 
an  estimated  D-content  of  1.84  D  f.u.-1.  This  value  is  probably  over¬ 
estimated  as  will  be  later  shown  and  may  indicate  that  the  struc¬ 
tural  assignation  is  not  fully  correct.  Unfortunately,  the  quality  of 
the  diffraction  patterns  did  not  allow  a  more  accurate  analysis. 

The  Tii.oiNio.79Cuo.2  electrode  was  charged  again  in  beam  at  a  C / 
5  (—71.32  mA  g-1)  rate  to  ensure  full  deuteration.  The  electrode  was 
then  discharged  sequentially  at  D/5,  D/10  and  D/20  rate  with 
relaxation  periods  between  each  discharge  step.  The  corresponding 
3D  view  of  NPD  patterns  is  shown  in  Fig.  12b.  No  significant  change 
is  observed  on  charging  at  C/5.  On  discharge,  the  diffraction  lines 
belonging  to  deuterium  rich  P'-phase  decrease  in  intensity  whereas 


Fig.  11.  Evolution  of  (a)  phase  amount  and  (b)  cell  volume  for  1 


P  and  y  phases  during  the  in  situ  charge  at  C/10  and  discharge  at  D/10  of  TiNi  electrode. 
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Table  4 

Cell  parameters,  volume  and  deuterium  content  of  detected  phases  inTi1.01Nio.99  and  Tii.oiNio.79Cu0.2  electrodes  during  in-situ  NPD  electrochemical  experiments.  CHr  and  Chv 
state  for  the  deuterium  content  in  detected  phases  as  determined  by  Rietveld  refinement  and  cell-volume  changes,  respectively. 


Electrode 

Phase 

S.G. 

a  (A3) 

ft  (A3) 

C(A3) 

n°) 

V(A3  f.u.  ’) 

CHr  (D  f.u.-1) 

Chv  (D  f.u.-1) 

TiNi 

2-619' 

P2Ajm 

2.911(1) 

4.116(1) 

4.652(2) 

97.67(3) 

27.67(1) 

0 

Pmax 

/4/mmm 

6.231(1) 

6.231(1) 

12.418(5) 

30.14(2) 

1.3(1) 

1.24 

Pmin 

/4/m  mm 

6.216(2) 

6.216(2) 

12.409(7) 

29.84(2) 

1.0(1) 

1.09 

P4/mmm 

3.123(2) 

3.123(2) 

2.966(3) 

28.93(3) 

0.63 

TiNio.sCuo.2 

a-B19 

Pmmb 

2.894(2) 

4.236(2) 

4.519(2) 

27.71(2) 

0 

a! 

P2i/m 

2.977(3) 

4.113(3) 

4.653 

97J 

28.26(4) 

0.28 

9 

/4/mmm 

6.464(3) 

6.464(3) 

12.018(9) 

31.38(4) 

1.84 

3  Not  refined. 


those  of  the  previously  described  a'-phase  increase.  The  total 
discharge  capacity  reaches  330  mAh  g-1  at  D/20  which  corresponds 
to  a  reversible  deuterium  loading  of  1.32  D  f.u.-1.  From  this  result 
and  the  deuterium  content  of  the  a -phase  (0.28  D  f.u.-1),  one  may 
re-evaluate  more  correctly  the  deuterium  content  of  the  p'  phase  as 
1.6  D  fur1. 

Rietveld  analysis  has  been  sequentially  performed  for  the 
discharge  step.  Phase  contents  are  displayed  in  Fig.  13.  On  dis¬ 
charging.  a  gradual  two-phase  transformation  from  the  D-rich  p'- 
phase  to  the  D-poor  a'-phase  is  observed.  At  the  end  of  discharge, 
the  transformation  is  almost  complete  reaching  93%  of  a'-phase. 


D/5  D/10  D/20 


Time  /  h 

Fig.  13.  Evolution  of  phase  amounts  during  the  in  situ  electrochemical  discharge  of 
Tii.oiNi0.79Cu0.2  electrode  during  the  fourth  galvanostatic  cycle. 


To  summarize,  TiioiNiojgCucu  electrode  discharges  reversibly 
up  to  330  mAh  g-1  at  D/20  rate  after  complete  activation.  Contrary 
toTir.01Nio.99,  where  discharge  capacity  originates  from  depleting  of 
deuterium  within  the  p-deuteride  solid  solution,  the  high  discharge 
capacity  of  TiNio.8Cuo.2  electrode  results  from  a  two  phase  trans¬ 
formation  between  D-rich  and  D-poor  phases  with  approximate 
deuterium  contents  of  1.6  and  0.3  D  f.u.-1,  respectively.  The  crystal 
structure  of  these  electrochemically  formed  phases  could  not  be 
fully  resolved  but  seem  to  differ  from  those  obtained  by  solid-gas 
reaction.  The  determination  of  their  crystallographic  properties 
requires  further  investigation. 

4.  Conclusion 

Binary  TiNi  forms  under  normal  conditions  of  hydrogen  pres¬ 
sure  and  temperature  a  TiNiHi.4  hydride.  If  the  stored  hydrogen 
content  could  be  fully  discharged,  the  electrochemical  capacity  of 
this  compound  would  reach  352  mAh  g-1,  a  value  in  the  range  of 
current  commercial  electrodes.  Unfortunately,  the  observed 
experimental  discharge  capacity  of  this  compound  is  only 
150  mAh  g-1.  Such  a  low  capacity  is  due  to  the  fact  that,  only 
hydrogen  stored  as  solid  solution  in  the  hydride  phase  can  be 
recovered  by  electrochemical  means. 

Ni  for  Cu  substitution  in  TiNi  leads  to  the  formation  of  pseudo¬ 
binary  Ti(Ni,Cu)  compounds.  Cu  substitution  destabilizes  the  hy¬ 
dride  phase  and  opens  a  wide  miscibility  gap  in  the  electrochemical 
isotherms.  Thus,  for  20%  of  Cu  substitution,  the  electrochemical 
plateau  potential  is  slightly  below  atmospheric  pressure  leading  to 
an  optimum  in  discharge  capacity.  The  capacity  of  TiNio.8Cuo.2 
compound  attains  300  mAh  g-1  at  D/10  regime  as  result  of  a 
reversible  metal  to  hydride  phase  transformation.  This  compound 
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exhibits  interesting  cycle  life  and  good  kinetics  below  D/2  regime. 
Interestingly,  these  properties  approach  those  of  current  commer¬ 
cial  electrodes  without  using  expensive  rare  earth  metals,  making 
TiNi-based  electrodes  a  promising  system  for  next  generation  of 
NiMH  batteries. 
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